Introduction
The Electric Arc Furnace (EAF) steelmaking is one of the two main steelmaking processes. Comparing with the converter, electrical arc is used in EAF process for the heat source that increases the scrap addition. 1, 2) Moreover, the electromagnetic force, which is produced by effect of the electromagnetic field on molten steel, is employed to stir melt in baths. However, the stirring energy, which is produced by oxygen jet and electrical arc, cannot meet the need of practical high efficiency operation. In order to promote the reaction rate, remove the non-metallic inclusions and improve the kinetic and thermodynamic conditions, the bottom-blowing technique for EAF process has been proposed.
Some researchers [3] [4] [5] [6] [7] have reported previous works on bottom-stirring effects in EAF using water experiment and numerical model, and shown application results in EAF steelmaking process. [7] [8] [9] [10] [11] In particular, Li 3) found out that as the plugs are moved off-center, the angular velocities increase, and improve the stirring efficiency significantly in EAF. Ramirez 4) figured out that sufficient bottom-blowing gas could dissipate the heat supplied by the arc in the central region of the bath. Gu and Irons 7) presented the velocity distribution with bottom stirring using a one-third scale "thinslice" model. Lazcano, Vargaz and Reja 10) published results
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of bottom blowing natural gas into an EBT arc furnace at Deacero. Schade and Schmitt 11) reported both metallurgical and economic benefits were obtained in Lukens steel company, and the major effects were compared for both bottomblowing and no bottom-blowing condition heats.
A number of steelmaking companies have reported both metallurgical and operation benefits could be got using bottom-blowing technology. Hence, Xining Special Steel CO., LTD believes benefits are to be gained using this technology, and decides to install three bottom nozzles in a 75 t electric arc furnace. However, few researches about the flow characteristics in electrical arc furnace have been published with different bottom-blowing arrangements. Therefore, before applying bottom nozzles, the optimum bottom-blowing arrangement should be analyzed to obtain high stirring efficiency.
In this paper, both water experiment and numerical model for a 75 t electrical arc furnace have been designed to study the characteristics of field flow. The mixing time and velocity of molten bath were studied to analyze the stirring ability with six blowing arrangement. Based on results, the bottomblowing arrangement is used in a 75 t electric arc furnace for studying the steelmaking time, dephosphorization rate and mass fraction of FeO in slag.
Water Experiment

Experimental Principle
It was a scientific and effective way to study stirring energy in an EAF (Electrical Arc Furnace) steelmaking process by water experiment. Based on the similarity of kinetics and geometry, [13] [14] [15] a physical model was developed. The bottom-blowing arrangement was used in the physical model. Taking inertial force and gravity into account (Eq.
(1)), the modified Froude 16) number was used to calculate similar principle numbers.
The conversion can get Eq. (2):
where, D hm , D h , hydraulic diameter of molten bath surface of the model and the prototype (m) as follows: ); d hm , d h , bottom nozzle hydraulic diameters of the model and the prototype (m), which was calculated by the exit area of nozzle; ρ lm , ρ l , liquid density of the model and the prototype (kg·m ); ρ gm , ρ g , gas density of the model and the prototype (kg·m ); the subscripts l, g, liquid and gas; A, arc angle of the EBT region (°); B, arc angle of the main molten bath region (°); L 1 , the length of the EAF side (mm); The prototype and model parameters were shown in Fig. 1 and Table 1 .
Based on the physical properties of various phases presented in Table 2 , the bottom-blowing rate had been achieved. In this paper, four kinds of bottom-blowing rate were researched at water experiment to analyze the stirring ability of different bottom-blowing arrangements in a 75 t electrical arc furnace, and the bottom-blowing rate were depicted in Table 3 .
Experiment Instruments
The experiment instruments, as shown in Fig. 2 , included electrical arc furnace, porous plugs, flowmeter, air compressor, pressure gauge, conductivity electrode, conductometer and chart recorder, and so on. The furnace was made from plexiglass in accordance with the ratio of 1:4. The bottomblowing nozzles were processed of copper rod and plexiglass. The compressed air was taken as bottom-blowing gas, and tap water was used in the experiment on behalf of molten steel. The layer of kerosene was laid over the water surface to simulate metal/slag layer interaction as found in steelmaking processing. In the mixing time recording, three conductivity electrodes (point A, B, and C) were set at different locations to monitor the concentration of the tracer element in the bath, as depicted in Fig. 2 .
KCl solution was used as tracer to enable measurement of the water's electronic conductivity in different locations of the bath. If only one location was selected to inject KCl, the the mixing time fluctuates with growing bottom-blowing rate in some arrangements. Hence, four locations (point a, b, c and d, as shown in Fig. 3 ) were selected to inject KCl solution during the measurement to reduce the error due to tracer addition locations. At each location, fifty milliliters KCl solution was injected via a funnel, and the KCl solution was injected at same time. Moreover, all the funnels should penetrate the slag layer making the KCl solution be injected directly into tap water, as depicted in Fig. 4 . In this work, the mixing time was defined as that when the tracer concentration at the monitor points reached 99% of the mean tracer concentration in the bath. The mixing times obtained from point A, B, and C was defined as T A , T B , and T C , respectively. The mean mixing time (T mix ) was calculated as an arithmetical mean value using Eq. (3):
The bottom-blowing arrangements of the water experiment were shown as Fig. 3 . The plug positions of A and C were fixed in this study and the position of B1 and B2 were compared taking the lateral position as a parameter. Moreover, the numbers describing the bottom-blowing arrangement were used to show the radial distance between nozzles and the center of furnace bottom, as shown in Fig. 1 . For example, 4RB1 represented three porous plugs be uniformly distributed at A, B1, C in turn, around the concentric circle at the radial distance of 0.4 double radius of furnace bottom (radius of furnace bottom = D 3 /2), as presented in Fig. 5 . In this paper, there were six kinds of bottom-blowing arrangements had been researched: 4RB1, 4RB2, 5RB1, 5RB2, 6RB1 and 6RB2.
Numerical Model
The volume of fluid (VOF) model was used in this simulation, and three-phase flow distribution was built to compare the stirring ability of various bottom-blowing arrangements. 17) During simulation process, the bottom blowing rate, the same thickness of slag and the height of molten steel was 100 L·min , 100 mm and 1 300 mm in all numerical model.
Assumptions
The numerical simulation of bottom-blowing process in EAF was based on the following assumptions: 17) (1) Both liquid slag and molten steel were regarded as Newtonian fluid, while nitrogen gas was regarded as ideal gas;
(2) The adiabatic and no-slip condition was applied to all the walls in the computational domain. The averaged velocity near the wall was solved in standard wall function; (3) Electromagnetic forces and all chemical reactions during steelmaking process were not implemented.
Governing Equations
The numerical simulations were conducted by integrating the Navier-Stokes equations with Reynolds averaging method. The momentum and energy conservation equations of the Navier-Stokes equations were written in a conservative form as follows:
Momentum conservation equation:
Equation of continuity:
Nitrogen was considered as a compressible ideal gas, since nitrogen jet was at a high-pressure state in the bottomnozzles. Equation (7) (ideal gas state equation) was used to calculate pressure, velocity and temperature under different gas density.
The governing equation was used to simulate the fluid flow of two phase or multiphase in the VOF model. 18) By tracking the volume fraction of each control unit, the free surface deformation (gas/molten steel interface) could be captured. For the i th phase, the equation has the following form:
For the VOF model, two or more fluids or phases were not interpenetrating. Each phase in the model had its own volume fraction α. The sum of the volume fraction of each phase in an arbitrary calculation area was 1. The variables and parameters in control volume were calculated by the volume average method using the volume fraction α, such as the density ρ calculation formula. For the gas-slag-steel phase system in this simulation, density ρ can be obtained by Eq. (10). Standard k-ε model was adopted in a turbulence model. 17, 18) The constant was given by an empirical formula. Turbulent kinetic energy k and turbulent dissipation rate ε were described as follows:
Turbulence kinetic energy equation for VOF model (k equation):
Turbulence dissipation equation for VOF model (ε equation):
... (12) where, C 1ε , C 2ε were constants, whose values are 1.44 and 1.92, respectively. σ κ and σ ε were the turbulent Prandtl numbers for k and ε, σ κ =1.0 and σ ε =1.3. 18) G k was the turbulent kinetic energy generated by average velocity as follows: In the standard k-ε turbulence model, C μ = 0.09 was used.
18)
Geometry Model of EAF
Based on the 75 t electrical arc furnace, model was built with the ratio of 1:1 in the numerical simulation. The geometry model of EAF was established as the specific parameters shown in Table 1 . The entire computational domain were formed by three bottom-blowing nozzles, molten bath, and furnace space within 500 mm of surface of molten bath. The main physical properties of nitrogen, liquid steel, and slag were shown in Table 2 . The bottom-blowing arrangement used in numerical simulation was the same as in water experiment. Geometrical model of three-phase flow with 4RB1bottom-blowing arrangement was presented in Fig. 5. 
Boundary and Initial Conditions
The mass-flow inlet boundary condition was used at the inlet of the bottom nozzles, and its initial gauge pressure set as 400 000 Pa. A pressure boundary condition was used at the outlet position of electrical arc furnace, and the gauge pressure of outlet was 101 325 Pa. A non-slip boundary condition was adopted and standard wall function was used to calculate the flow field near the wall. At the wall, adiabatic condition was used as the wall boundary condition, and heat transfer was neglected in molten bath during simulation process.
Numerical Solutions
The continuity, momentum and energy equations of multiphase flow in converter were solved by unsteady pressure-based solver in an explicit approach. The second order spatial discretisation was used to solve mass equation. Meanwhile the equations of turbulent kinetic energy and dissipation rate were calculated in first-order upwind discretisation, and other variables were calculated in second order upwind scheme. Pressure-velocity was coupled in PISO scheme. The pressure was particularly discretised with body force weighted scheme due to the large density of liquid steel. In this paper, the criterion for convergence was established when all the residuals for the dependent variables were less than 10
, while the residuals of energy was less than 10 
Grid Independency Test
Initially, for verifying the sensitivity and feasibility of three kinds of models, the flow velocity of molten bath using the simplified model was monitored and compared. Figure 6 shows the flow velocity profiles for simulated results in three grid levels, coarse grid (31 356 cells), medium grid (43 722 cells), and fine grid (55 632 cells), respectively.
17)
In order to provide an accurate result of the flow velocity, 100 monitor points was selected randomly in each numerical model. The quasi-steady-state flow field was achieved when the flow velocity variation in the probe points was relatively small or fluctuated within a stable region calculated from monitor points.
The average percentage of variation of the flow velocity profile calculated with the coarse and medium mesh level was 8.2%. Between the medium and the fine grid levels, the variation was negligible (less than 1%). The computational time required for the fine mesh level was approximately twice that for the medium mesh level. Hence, the results obtained with the medium grid were used for analysis and discussion in the present study.
Results and Discussions
Analysis of Water Experiment
Mixing time represents the ability of stirring molten bath. The longer mixing time is, the poorer stirring ability is. With the various bottom-blowing arrangements, the relation between the bottom-blowing rate and the mixing time is presented in Fig. 7 .
The mixing time of six kinds of bottom-blowing arrangements are different. Under the pure bottom-blowing condition, the mixing time decreases with flow rate rising in Fig.  7 . Compared with the average mixing time with different arrangements, 4RB1 arrangement obtains the shortest average mixing time being 101.1 s, and 6RB1 arrangement obtains the longest average mixing time being 142.5 s, at the tested conditions. Moreover, the 4RB1 bottom-blowing arrangement has the shortest mixing time at all flow rates, which prove its stirring effect of molten bath is the best. Based on average values of six kinds of bottom-blowing arrangement, the slopes of the linear regression are 0.58, 0.31 and 0.12 when flow rates are in the range of 85 to127 L/h, 127 to 169 L/h and 169 to 221 L/h, respectively. That means the downtrend of mixing time would be slow with flow rate increasing at the tested flow rate. Figure 8 presents the average mixing time of different concentric circles arrangements. The average mixing time decreases with the radius of circle coincide reduces. Considering flow kinetic energy could be removed by the impeding forces of sidewall, the stirring ability of bottom-blowing jet can't be fully utilized. Therefore, the more flow kinetic energy reduces, the, slower flow velocity of molten steel is and the longer mixing time is. For decreasing the mixing time, the bottom nozzles should be located far from sidewall as much as possible, which makes the flow velocity could be maintained to a certain extent before flow of molten bath reaches the sidewall. Figure 9 depicts the average mixing time of B1, B2 arrangements. Compared with B2 arrangement, the bottom nozzle, which is located in B1 zone, is more closed to the molten steel in EBT region with B1 arrangement, according to Fig. 3 . It seems that the molten bath can be stirred more intensively, when the distance between bottom nozzle and EBT region reduces. Hence, the mixing time reduces with the bottom nozzle is near to EBT region.
Moreover, the 6RB1 arrangement can strengthen the stirring effect of molten steel in EBT region better than 4RB1 arrangement. However, 4RB1 arrangement can weaken the impeding forces of sidewall better and gets shortest average mixing time being 101.1 s, a decreasing ratio of 29.1%. Therefore, it seems that weakening impediment by sidewall can efficiently reduce mixing time than strengthening the stirring effect of molten steel in EBT region with concentric circle arrangements in the tested flow rate.
The shorter mixing time could promote the reaction of steel and slag in an electrical arc furnace. Comparing with the average mixing time of various bottom-blowing arrangements being 119.8 s, 4RB1 arrangement obtains the shortest average mixing time being 101.1 s, a decreasing ratio of 15.6%. Above all, it's helpful to stir molten bath using 4RB1 arrangement in steelmaking process at the tested conditions. Fig. 7 . The relations between the bottom-blowing rate and the mixing time. 
Analysis of Numerical Simulation
At the tested conditions, the flow velocity of bath first increases and then decreases, and become stable at least, as presented in Fig. 6 . The maximum flow velocity point is achieved at 4.4 s when the first wave of nitrogen bubbles reach the top of the melting pool. It seems that the highest flow velocity of molten bath is fundamentally same at around 4.4 s in all bottom-blowing arrangements, as shown in Table 4 . Therefore, the highest speed is influenced by flow rate, since the flow rate is same in various bottomblowing arrangements.
However, after a certain period of time, as the quasisteady-state flow field has been developed, the flow velocity of molten bath using various bottom-blowing arrangements shows difference. Figure 10 shows the flow velocity distribution on the furnace longitudinal section by using different bottom-blowing arrangements. Different colors represent different flow velocities, red is maximum and blue is minimum. Detailed values are shown in the figure.
As presented in Fig. 10 , there are two high flow velocity regions (region A and B), which are above B1-bottom nozzle, with a extent from 0.005 to 0.03 m/s. It seems that the flow velocity in EBT region increases with the area of high flow regions rising. Moreover, the area of high flow regions with B1 arrangement is larger than the area with B2 arrangement, because the molten steel in EBT region can be stirred better by the B1 bottom nozzle. That means the B1 arrangement can stirring EBT region better than B2 arrangement. Compared with the six kinds of bottom-blowing arrangements, the average flow velocity of molten bath generated by the 4RB1 arrangement is the highest, so is the area surrounded by the 0.005 m/s isovelocity. The bigger average flow velocity is, the larger area is surrounded by 0.005 m/s isovelocity, and the smaller area of the 0.002 m/s isovelocity is. Figure 11 is the flow velocity distribution on crosssection at different molten bath depth in the EAF. It can be seen from the three group figures that the flow velocity of molten steel is higher which is near surface of molten bath or near bottom of furnace. Since the velocity of bottomblowing bubbles first decreases due to the molten steel resistance at the bottom nozzle tip, while bubbles transmit transfer kinetic energy to molten steel. And then the bubbles are accelerated by the drive of buoyancy, which strengthens the stirring effect on molten steel.
According to the results, there is one more low flow velocity region (region E) in molten bath, with a extent from 0.0004 to 0.003 m/s. The area of region E increases with the distance between A and C bottom nozzles rising. Therefore, both region D and region E are formed far away from bottom-nozzles. Obviously, the radial flow velocities from three nozzles interfere and collide with each other at top of bath, which removes the kinetic energy and forms region C, as shown in Fig. 12 .
As depicted in Figs. 10 and 11, the shapes of region C, D and E change with flow velocity distribution in molten bath, but it is more-or-less preserved in each model. In this case, the zone, where flow velocity of molten steel is lower than 0.0006 m/s, is defined as dead zone. The volume of dead zone varies oppositely with average flow velocity of molten bath, as Fig. 13 presented. The minimum volume is 0.49 m 3 generated by 4RB1 arrangement with the highest flow velocity being 0.0078 m/s. The maximum volume is 1.31 m 3 generated by 6RB2 arrangement with the minimum flow velocity being 0.0054 m/s.
The results indicate that suitable bottom-blowing arrangement can prevent flow velocity stratification in the molten bath, and to help reduce the volume of dead zone. When injecting by the 4RB1 arrangement, average flow velocity of molten bath is the highest being 0.0078 m/s, and volume of dead-zone is the minimum being 0.49 m 3 , at the tested conditions.
Industrial Application Research
Through water experiment and numerical simulation study, 4RB1 bottom-blowing arrangement can improve stirring effect on molten bath in a 75 t electrical arc furnace. In order to study metallurgical effects and technical indicators of the bottom-blowing for steelmaking process, both 4RB1 and no bottom-blowing condition were adopted in a 75 t electrical arc furnace. There were 112 heats collected in the industrial smelting process, including 56 heats with no bottom-blowing condition and 56 heats with the 4RB1 arrangement. Molten steel component, steelmaking time, dephosphorization rate and erosion condition of bottom-blowing nozzles were analyzed in this research. The dephosphorization rate was studied in the EAF steelmaking process. The conditions of liquid iron (prior to steelmaking process), and molten steel (after steelmaking process) are shown in Table 5 along with the average components, temperature, and smelting time. When smelting with 4RB1 arrangement and no bottom-blowing condition, the conditions of liquid iron are fundamentally the same. Figure 14 shows the distribution of phosphorus in molten steel with 4RB1 arrangement and no bottom-blowing condition. When the 4RB1 is used in steelmaking process, the content of phosphorus in molten steel distributes from 0.007 mass% to 0.026 mass%. And the content of phosphorus in molten steel is from 0.008 mass% to 0.030 mass% with no bottom-blowing condition. The content of phosphorus in molten steel is decreased by 0.004 mass% with 4RB1 arrangement. The dephosphorization rate in the electrical arc furnace is improved by 3.2%. Based on the carbon content and temperature of molten steel are same, steelmaking time decreased by 1.9 min. This fact can prove that the reaction rate with 4RB1 arrangement can be enhanced due to the efficient agitation as observed by the water experiments and the simulations.
CaO, FeO, T. Fe, M. Fe and P contents in end-point slag are shown in Fig. 15 . Compared with no bottom-blowing condition, smelting with 4RB1 arrangement can enhance stirring effect. While the basicities of slag are same being 3.1, P is increased by 0.27 mass%, CaO is decreased by 0.6 mass%, FeO is reduced by 4.1 mass%, and T. Fe loss is dropped by 4.7 mass% in slag. The reduction of T. Fe loss will be beneficial to improve the metal yield rate. However, the content of metal iron in slag is increased by 2.8 mass%, since slag becomes sticky due to the reduction of FeO.
Based on steelmaking temperature, components of slag layer and molten steel, the equilibrium phosphorus content of each smelting heat has been calculated using the formula (Eq. (14)) reported by Healy. The content of equilibrium phosphorus in molten steel is 0.0032 mass% using 4RB1 arrangement, and the content of equilibrium phosphorus in molten steel is 0.0015 mass% without bottom-blowing condition. It is obvious that both equilibrium phosphorus contents are most importantly negligibly small. According to the results of water experiments and numerical simulations, it can prove that the reaction rate and stirring effect with 4RB1 arrangement could be strengthened.
Obviously, erosion condition and life-span of purging plug are important parameters in EAF steelmaking, influencing application performance of bottom-blowing technology. In this case, all of purging plugs can still be used after 623 heats, which is equal to service life of the EAF bottom. It means the bottom-blowing meeting the demand in the industrial applications.
The erosion condition of purging plug in C regime is shown in Fig. 16 . After replacing EAF bottom, the purging plug was partly dismantled. It was difficult to remove ramming material and solidification of molten steel around purging plug. Based on result of measurement, the length of surplus purging plug is about 381 mm. The original length of porous plug was 700 mm, and mean cumulated erosion of purging plug was 46.2%, based on Table 6 . Above all, it shows that the with 4RB1 arrangement can stir molten better than with no bottom-blowing condition in steelmaking process for the 75 t EAF, which agrees well with the experimental results of the water experiments and the simulations.
Conclusions
The main results of this study, at the tested conditions for the 75 t EAF, can be summarized as follows:
(1) For an electrical arc furnace with bottom-blowing, increasing flow rate, weakening impediment by sidewall and strengthening the stirring effect of molten steel in EBT region would decrease mixing time and improve stirring ability. Specially, weakening impediment by sidewall could efficiently reduce mixing time than strengthening the stirring effect of molten steel in EBT region with concentric circle arrangement.
(2) The volume of dead zone varied oppositely with average flow velocity of molten bath. Moreover, the flow velocity of molten steel was higher which was near surface of molten bath or near bottom of furnace.
(3) Compared with no bottom-blowing conditions at industrial application research, the best bottom-blowing arrangement, which was determined by the water model experiments and the simulations, could stir molten better in steelmaking process. This was proven by the dephosphorization rates in the steelmaking process for the 75 t EAF.
